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Abstract
We extend our investigation of soft graviton effects on the microscopic dynamics of matter
fields in de Sitter space. We evaluate the quantum equation of motion in generic gauge
theories. We find that the Lorentz invariance can be respected and the velocity of light is
not renormalized at the one-loop level. The gauge coupling constant is universally screened
by soft gravitons and diminishes with time. These features are in common with other four
dimensional field theories with dimensionless couplings. In particular the couplings scale
with time with definite scaling exponents. Although individual scaling exponents are gauge
dependent, we argue that the relative scaling exponents are gauge independent and should
be observable. We also mention soft graviton effects on cosmic microwave background.
June 2013
∗E-mail address: kitamoto@post.kek.jp
†E-mail address: kitazawa@post.kek.jp
1 Introduction
The propagator of a massless and minimally coupled scalar field contains a de Sitter (dS)
symmetry breaking term. This term is a direct consequence of the scale invariant spectrum
at the super-horizon scale and depends logarithmically on the scale of the Universe [1, 2, 3].
Here we consider an exponentially expanding Universe which begins with a finite spatial
extension. In some field theoretic model in dS space, such an effect gives rise to growing
time dependences to physical quantities through quantum corrections.
By employing the Schwinger-Keldysh formalism [4, 5], we can investigate interacting field
theories in dS space perturbatively. The IR effects at each order manifest as the polynomials
in the logarithm of the scale factor of the Universe: log a(τ) [6]. For example, such IR
effects are seen in an interacting scalar field theory such as λϕ4 theory [7, 8]. Let us consider
the expectation value of the energy-momentum tensor. Here the leading IR effect at the
(n+ 1)-loop level manifests as (λ log2 a(τ))n. It indicates that the quantum effect may grow
until it saturates when λ log2 a(τ) ∼ 1. Actually, we can confirm the existence of such an
equilibrium state in the stochastic approach [9, 10].
The necessary condition for the dS symmetry breaking is the existence of a massless mini-
mally coupled scalar field. We have investigated the IR effects of the non-linear sigma model
where the reparametrization symmetry of the target space ensures the existence of massless
minimally coupled scalar fields. We have shown the cancellation of the leading IR logarithms
to all orders [11]. For a general scalar field theory, we need to fine-tune the mass term to
obtain a massless scalar field. On the other hand, the gravitational field contains massless
and minimally coupled modes without the fine-tuning. In this regard, the gravitational field
is an attractive candidate which induces the IR effects. In a similar way to λϕ4 theory, the
IR effects from gravity may grow up to certain values which are not suppressed by the grav-
itational constant. Such an effect may be relevant to understand the cosmological constant
problem.
Although we cannot observe the super-horizon modes directly, it is possible that virtual
gravitons of the super-horizon scale affect the local dynamics of the sub-horizon scale. In
fact we have found that soft gravitons screen the couplings of φ4 and Yukawa interactions
[12]. In this paper we investigate the identical effect with respect to gauge interactions. In
addition to the φ4 and Yukawa interaction, the investigation of gauge theory is necessary in
order to understand the soft gravitation effects on the standard model of particle physics.
The organization of this paper is as follows. In Section 2, we recall our quantization procedure
of gravitational field on dS background. We identify the graviton modes which exhibit IR
logarithm. In Section 3, we evaluate the quantum equation of motion with respect to gauge
fields which are corrected by soft gravitons at the one-loop level. We find that the effective
couplings of gauge interactions are screened by soft gravitons. In Section 4, we introduce
a gauge parameter of the graviton propagator to investigate the gauge dependences of the
results obtained in Section 3. By comparing the gauge couplings with that of φ4 and Yukawa
interactions, we show that the relative scaling exponents of the dimensionless couplings
are gauge independent and observable. We conclude in Section 5. We mention possible
implications of our results on cosmic microwave background.
1
2 Gravitational field in de Sitter space
In this section, we review the gravitational propagator in de Sitter (dS) space. In the Poincare´
coordinate, the metric in dS space is
ds2 = −dt2 + a2(t)dx2, a(t) = eHt, (2.1)
where the dimension of dS space is taken as D = 4 and H is the Hubble constant. In the
conformally flat coordinate,
(gµν)dS = a
2(τ)ηµν , a(τ) = − 1
Hτ
. (2.2)
Here the conformal time τ (−∞ < τ < 0) is related to the cosmic time t as τ ≡ − 1
H
e−Ht.
We assume that dS space begins at an initial time ti with a finite spacial extension. After a
sufficient exponential expansion, the dS space is well described locally by the above metric
irrespective of the spacial topology. The metric is invariant under the scaling transformation:
τ → cτ, xi → cxi. (2.3)
It is a part of the SO(1, 4) dS symmetry.
In dealing with the quantum fluctuation on the dS background, we adopt the following
parametrization:
gµν = Ω
2(x)g˜µν , Ω(x) = a(τ)e
κw(x), (2.4)
det g˜µν = −1, g˜µν = ηµρ(eκh(x))ρν , (2.5)
where κ is defined by the Newton’s constant G as κ2 = 16πG. To satisfy (2.5), hµν is taken
to be traceless
hµµ = 0. (2.6)
In this parametrization, the scalar density and the Ricci scalar are written as
√−g = Ω4, R = Ω−2R˜− 6Ω−3g˜µν∇µ∂νΩ, (2.7)
where R˜ is the Ricci scalar constructed from g˜µν
R˜ = −∂µ∂ν g˜µν − 1
4
g˜µν g˜ρσg˜αβ∂µg˜ρα∂ν g˜σβ +
1
2
g˜µν g˜ρσg˜αβ∂µg˜σα∂ρg˜νβ. (2.8)
By substituting (2.7) and using the partial integration, the gravitational Lagrangian is
Lgravity = 1
κ2
√−g[R− 2Λ] (2.9)
=
1
κ2
[
Ω2R˜ + 6g˜µν∂µΩ∂νΩ− 6H2Ω4
]
,
2
where Λ = 3H2. Note that the Lagrangian density is defined including
√−g in this paper.
In order to fix the gauge with respect to general coordinate invariance, we introduce the
gauge fixing term [13]
LGF = −1
2
a2FµF
µ, (2.10)
Fµ = ∂ρh
ρ
µ − 2∂µw + 2h ρµ ∂ρ log a+ 4w∂µ log a.
Henceforth the Lorentz indices are raised and lowered by ηµν and ηµν respectively. The
corresponding ghost term at the quadratic level is
Lghost =− a2∂ν b¯µ
{
ηµρ∂ν + ηνρ∂µ + 2ηµν∂ρ(log a)
}
bρ (2.11)
+ ∂µ(a
2b¯µ)
{
∂ν + 4∂ν(log a)
}
bν ,
where bµ is the ghost field and b¯µ is the anti-ghost field.
From (2.8)-(2.11), the quadratic part of the total gravitational Lagrangian density is
Lquadratic = a4
[ 1
2
a−2∂µX∂
µX − 1
4
a−2∂µh˜
i
j∂
µh˜ji − a−2∂µb¯i∂µbi (2.12)
+
1
2
a−2∂µh
0i∂µh0i +H2h0ih0i
− 1
2
a−2∂µY ∂
µY −H2Y 2
+ a−2∂µb¯
0∂µb0 + 2H2b¯0b0
]
.
Here we have decomposed hi j, i, j = 1, · · · , 3 into a trace part and a traceless part
hi j = h˜
i
j +
1
3
hkkδ
i
j = h˜
i
j +
1
3
h00δij . (2.13)
The action has been diagonalized by the following linear combination
X = 2
√
3w − 1√
3
h00, Y = h00 − 2w. (2.14)
The quadratic action (2.12) contains two types of fields, massless and minimally coupled
fields: X, h˜i j, b
i, b¯i and massless conformally coupled fields: h0i, b0, b¯0, Y . We list the corre-
sponding propagators as follows
〈X(x)X(x′)〉 = −〈ϕ(x)ϕ(x′)〉, (2.15)
〈h˜i j(x)h˜kl(x′)〉 = (δikδjl + δilδ kj −
2
3
δijδ
k
l)〈ϕ(x)ϕ(x′)〉,
〈bi(x)b¯j(x′)〉 = δij〈ϕ(x)ϕ(x′)〉,
〈h0i(x)h0j(x′)〉 = −δij〈φ(x)φ(x′)〉, (2.16)
〈Y (x)Y (x′)〉 = 〈φ(x)φ(x′)〉,
〈b0(x)b¯0(x′)〉 = −〈φ(x)φ(x′)〉.
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Here ϕ denotes a massless and minimally coupled scalar field and φ denotes a massless
conformally coupled scalar field
〈ϕ(x)ϕ(x′)〉 = H
2
4π2
{1
y
− 1
2
log y +
1
2
log a(τ)a(τ ′) + 1− γ}, (2.17)
〈φ(x)φ(x′)〉 = H
2
4π2
1
y
, (2.18)
where γ is Euler’s constant and y is the dS invariant distance
y =
−(τ − τ ′)2 + (x− x′)2
ττ ′
. (2.19)
It should be noted that the propagator for a massless and minimally coupled scalar field has
the dS symmetry breaking logarithmic term: log a(τ)a(τ ′). To explain what causes the dS
symmetry breaking, we recall the wave function for a massless and minimally coupled field
φp(x) =
Hτ√
2p
(1− i 1
pτ
)e−ipτ+ip·x. (2.20)
At the sub-horizon scale P ≡ p/a(τ) ≫ H ⇔ p|τ | ≫ 1, this wave function approaches to
that in Minkowski space up to a cosmic scale factor
φp(x) ∼ Hτ√
2p
e−ipτ+ip·x. (2.21)
On the other hand, the behavior at the super-horizon scale P ≪ H is
φp(x) ∼ H√
2p3
eip·x. (2.22)
The IR behavior indicates that the corresponding propagator has a scale invariant spectrum.
As a direct consequence of it, the propagator has a logarithmic divergence from the IR
contributions in the infinite volume limit.
To regularize the IR divergence, we introduce an IR cut-off ε0 which fixes the minimum value
of the comoving momentum. The minimum value of the physical momentum is ε0/a(τ) as
their wavelength is stretched by cosmic expansion. With this prescription, more degrees
of freedom accumulate outside the cosmological horizon with cosmic evolution. Due to this
increase, the propagator acquires the growing time dependence which spoils the dS symmetry.
In tribute to its origin, we call this type of dS symmetry breaking term the IR logarithm.
Physically speaking, 1/ε0 is recognized as an initial size of the Universe when the exponential
expansion starts. For simplicity, we set ε0 = H in (2.17).
As there is explicit time dependence in the propagator, physical quantities can acquire time
dependence through the quantum loop corrections. We call them the quantum IR effects
in dS space. We investigate such effects with respect to gauge couplings in this paper.
Before concluding this section, we introduce an approximation. Focusing on the leading IR
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effects, we can neglect conformally coupled modes of gravity since they do not induce the
IR logarithm. By applying this approximation, we can identify the following two modes as
h00 ≃ 2w ≃
√
3
2
X. (2.23)
From (2.15) and (2.23), we have only to focus on the following propagators after retaining
massless and minimally coupled modes from gravity
〈h00(x)h00(x′)〉 ≃ −3
4
〈ϕ(x)ϕ(x′)〉, (2.24)
〈h00(x)hi j(x′)〉 ≃ −
1
4
δij〈ϕ(x)ϕ(x′)〉,
〈hi j(x)hkl(x′)〉 ≃ (δikδjl + δilδ kj −
3
4
δijδ
k
l)〈ϕ(x)ϕ(x′)〉.
3 Soft graviton effects on gauge couplings
In the preceding section, we have reviewed that the propagators for some components of
gravitation are time dependent in violation of the dS symmetry. By deriving the quantum
equations of motion, we evaluate how the soft gravitons affect the gauge field dynamics. In
[14, 15, 16, 17, 18], the effects of soft gravitons on the free matter fields at the super-horizon
scale have been investigated. In contract, we focus on the soft graviton effects on the local
field dynamics at the sub-horizon scale which are directly observable. In this section we
investigate the soft gravitational effects on the local dynamics of gauge theories.
The action of the gauge theory is given by
Sgauge =
∫ √−gd4x[− 1
4g2
gµρgνσF aµνF
a
ρσ + iψ¯e
µ
αγ
αDµψ
]
, (3.1)
=
∫
d4x
[− 1
4g2
g˜µρg˜νσF aµνF
a
ρσ + iψ¯e˜
µ
αγ
αD˜µψ
]
,
where eµα is the vierbein
eµα = Ω
−1e˜µα, e˜
µ
α = (e
−κ
2
h)µα. (3.2)
We have redefined the Dirac field: Ω
3
2ψ → ψ in the second line of (3.1). We consider that
the generic gauge group and the Dirac field could be in any representation,
F aµν = ∂µA
a
ν − ∂νAaµ + fabcAbµAcν , [ta, tb] = ifabctc, (3.3)
D˜µ ≃ ∂µ − iAaµta.
Strictly speaking, the covariant derivative D˜µ contains the spin connection made of e˜
µ
α but
we have neglected it. It is because the spin connection consists of differentiated gravitational
fields. When we consider the gauge field at the sub-horizon scale P ≫ H , the kinetic term
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is dominant in comparison with the terms where the IR logarithms from gravitational fields
are differentiated:
P ≫ H ⇒ log a(τ)∂ ≫ ∂ log a(τ). (3.4)
In other words, log a(τ) factor can be regarded as a constant since it varies slowly. This is
the reason why we can absorb the IR logarithm in front of the kinetic term by the wave
function renormalization of the fields at the one-loop level [12].
To obtain the quantum equation of the gauge field, we separate the field components into
the classical field and the quantum fluctuation
Aµ → Aˆµ + Aµ, ψ → ψˆ + ψ. (3.5)
In addition, we introduce the following gauge fixing term
Lgf = −ξ
2
√−g{ 1√−g Dˆµ(
√−ggµνAν)
}2
, (3.6)
where ξ is the gauge parameter and Dˆµ is the covariant derivative with respect to the
classical field. We adopt the background gauge which preserves manifest gauge invariance
with respect to the classical field. Up to the quadratic action, the bosonic action in the
Feynman gauge ξ = 1 is
1
g2
∫
d4x g˜µρg˜νσ
[− 1
4
Fˆ aµνFˆ
a
ρσ −
1
2
(DˆµAν)
a(DˆρAσ)
a − Fˆ aµνAbρAcσfabc + (DˆρFˆµν)aAaσ
]
. (3.7)
We show that our results do not depend on the parameter ξ in the subsequent investigation.
In investigating interacting field theories on a time dependent background like dS space, we
need to adopt the Schwinger-Keldysh path [4, 5]
, (3.8)
∫
C
dt =
∫ ∞
−∞
dt+ −
∫ ∞
−∞
dt−.
Since there are two time indices +,− in this path, the propagator has four components(〈ϕ+(x)ϕ+(x′)〉 〈ϕ+(x)ϕ−(x′)〉
〈ϕ−(x)ϕ+(x′)〉 〈ϕ−(x)ϕ−(x′)〉
)
=
(〈Tϕ(x)ϕ(x′)〉 〈ϕ(x′)ϕ(x)〉
〈ϕ(x)ϕ(x′)〉 〈T˜ ϕ(x)ϕ(x′)〉
)
. (3.9)
Here ϕ denotes the quantum fluctuation of an arbitrary field component and T˜ denotes the
anti-time ordering. By dealing with the quantum fluctuations along the path (3.8), we derive
the effective gauge field equation [19]
δΓ[(Aˆµ)+, (Aˆµ)−, ψˆ+, ψˆ−]
δ(Aˆµ)+(x)
∣∣∣
(Aˆµ)+=(Aˆµ)−=Aˆµ, ψˆ+=ψˆ−=ψˆ
= 0, (3.10)
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where Γ denotes the effective action.
Up to the one-loop level and O(log a(τ)), the bosonic quantum equation of motion is evalu-
ated as
1
g2
(DˆµFˆ
µν)a(x) + κ2
{〈(hµρ)+(x)(hνσ)+(x)〉+ 1
2
〈(hµα)+(x)(h ρα )+(x)〉ηνσ (3.11)
+
1
2
ηµρ〈(hνα)+(x)(h σα )+(x)〉
} 1
g2
(DˆµFˆρσ)
a(x).
Here we have neglected the contribution from the linear term in the gauge field fluctuation
Aaµ in the action (3.7) as it can be eliminated by a judicious redefinition of the quantum field
Aaµ by the metric degrees of freedom. In this way, the gauge parameter ξ does not influence
(3.11) since there is no contribution from the propagator of the gauge field.
As explained in the previous section, we focus on the massless and minimally coupled modes
of gravitational field. By adopting an ultra-violet (UV) regularization, the propagator at the
coincident point is estimated as follows
〈ϕ(x)ϕ(x)〉 = (UV divergent const) + H
2
4π2
log a(τ). (3.12)
In the subsequent investigation, we focus on the time dependent dS symmetry breaking part
〈ϕ(x)ϕ(x)〉 ≃ H
2
4π2
log a(τ). (3.13)
By substituting (2.24) and (3.13), (3.11) is evaluated as
1
g2
{
1 +
3κ2H2
8π2
log a(τ)
}
(DˆµFˆ
µν)a(x). (3.14)
The result preserves the gauge symmetry manifestly and indicates that the coupling of the
gauge interaction decreases with cosmic expansion
geff ≃ g
{
1− 3κ
2H2
16π2
log a(τ)
}
. (3.15)
It is because there is no wave function renormalization for the classical gauge field in the
background gauge. The Lorentz invariance is also preserved and the velocity of light is not
renormalized just like in the massless scalar and Dirac field cases [12].
We should emphasize that the screening of the coupling (3.15) is not a renormalization group
flow. The renormalization group flow indicates logarithmic dependence of momentum scale
which comes from quantum contribution from physical momentum scale P = p/a(τ) to UV
cut-off ΛUV. Then it is constant for a fixed physical momentum scale and respects the dS
symmetry. In contrast, the screening (3.15) manifestly breaks the dS symmetry. The time
dependence originates in the gravitational fluctuation at the super-horizon scale.
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We further investigate the fermionic current ˆ¯ψγνtaψˆ in the quantum equation of motion. Up
to the one-loop level, this term is evaluated as
ˆ¯ψ(x)γνtaψˆ(x) +
κ2
8
〈(hνρ)+(x)(hρα)+(x)〉 ˆ¯ψ(x)γαtaψˆ(x) (3.16)
+
κ2
4
ˆ¯ψ(x)
∫
d4x′ cAB〈(hνα)+(x)(hρβ)A(x′)〉γαta〈ψ+(x)∂′ρψ¯B(x′)〉γβψˆ(x′)
− κ
2
4
∫
d4x′ cAB〈(hνα)+(x)(hρβ)A(x′)〉 ˆ¯ψ(x′)γβ〈∂′ρψB(x′)ψ¯+(x)〉γαtaψˆ(x),
− κ
2
4
∫
d4x′d4x′′ cABcCD〈(hρα)A(x′)(hσβ)C(x′′)〉
× ˆ¯ψ(x′)γα〈∂′ρψB(x′)ψ¯+(x)〉γνta〈ψ+(x)∂′′σψ¯D(x′′)〉γβψˆ(x′′),
where A,B,C,D are assigned by the Schwinger-Keldysh indices +,− and the matrix cAB is
cAB =
(
1 0
0 −1
)
. (3.17)
By substituting the identity
〈ψ(x)ψ¯(x′) = iγµ∂µ〈φ(x)φ(x′)〉, (3.18)
〈φ(x)φ(x′) = 1
4π2∆x2
, ∆xµ ≡ xµ − x′µ,
(3.16) are represented by the integrals involving massless and minimally coupled fields and
a massless conformally coupled field. Recall that we have redefined the Dirac field Ω
3
2ψ →
ψ. To evaluate these integrals up to O(log a(τ)), we may take the coincident limit of the
propagator for massless minimally coupled fields:
〈(hνα)+(x)(hρβ)+(x)〉
∫
d4x′, 〈(hρα)+(x)(hσβ)+(x)〉
∫
d4x′d4x′′. (3.19)
This approximate prescription has been introduced in the investigations of Yukawa theory
and scalar QED [20, 21, 22]. In this approximation (3.19), only the following local term
contributes to the remaining integral
〈∂µ∂νφ+(x)φ+(x′)〉 = −〈∂µφ+(x)∂′νφ+(x′)〉 → −iδ 0µ δ 0ν δ(4)(x− x′). (3.20)
From (3.18)-(3.20), (3.16) is evaluated as
{
1 +
3κ2H2
128π2
log a(τ)
} ˆ¯ψ(x)γνtaψˆ(x). (3.21)
We recall here that the IR logarithm due to soft gravitons modifies the kinetic term of the
Dirac field. We have shown that this change of the kinetic term can be absorbed by the
following wave function renormalization [12]
ψ → Zψψ, Zψ ≃
{
1− 3κ
2H2
256π2
log a(τ)
}
. (3.22)
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It should be noted that the quantum correction in (3.21) can also be absorbed by the identical
wave function renormalization. We therefore conclude that the fermionic current is not renor-
malized by soft gravitons after the wave function renormalization. The non-renormalization
of the fermionic current is consistent with (3.15) since the fermionic current ˆ¯ψγνtaψˆ in the
quantum equation of motion does not involve the coupling of the gauge interaction.
As for soft gravitational effects in a free Dirac field, we should mention the previous stud-
ies [15, 16, 17]. The investigations are performed in the same gauge, but in a different
parametrization of the metric:
gµν = a
2(τ)(ηµν + 2κΦ(x)ηµν + κΨµν(x)), η
µνΨµν = 0, (3.23)
and with a different matter field redefinition: a
3
2ψ → ψ. The authors of these papers
derive the solution of the effective field equation at the super-horizon scale. In contrast, we
investigate the off-shell effective field equation at the sub-horizon scale. The existence of
nonzero virtuality indicates that only the local terms in quantum equation contribute to the
dS symmetry breaking. While they consider the full modes of gravity and renormalize UV
divergences, we neglect differentiated gravitational fields and non-minimally coupled modes
of gravity. Furthermore we extract the logarithmic term of the propagator for minimally
coupled modes.
As far as we focus on the sub-horizon dynamics with the dS symmetry breaking logarithms,
the approximation approach is consistent with the exact one although their results are differ-
ent. It is due to different metric parametrization and the choice of fundamental field in both
calculations [12]. We will report the prescription to compensate these quantization scheme
dependences [23].
As seen in (3.15), the gravitational fluctuation at the super-horizon scale influences the local
dynamics of the gauge field at the sub-horizon scale. The identity (3.15) holds for a generic
gauge group. Here we have evaluated the effective coupling up to the one-loop level. By the
power counting of the IR logarithms, the leading IR effect at the n-loop level is estimated as
of order (κ2H2 log a(τ))n. In order to investigate the physics at late times κ2H2 log a(τ) ∼ 1,
we need a non-perturbative method. Aside from this open problem, we examine the gauge
dependences of the perturbative results in the next section.
4 Gauge dependence
In the preceding sections, we have investigated the IR effects with the gauge fixing term
(2.10). To check whether the obtained results are physical, we need to investigate the gauge
dependence of them. Here we adopt the following gauge fixing term with a parameter β:
LGF = −1
2
a2FµF
µ, (4.1)
Fµ = β∂ρh
ρ
µ − 2β∂µw +
2
β
h ρµ ∂ρ log a+
4
β
w∂µ log a.
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This gauge fixing term coincides with (2.10) at β = 1. For simplicity, we consider the
case |β2 − 1| ≪ 1 where the deviation from (2.10) can be investigated perturbatively. The
deformation of the action at O(β2 − 1) is
δLβ2−1 ≃ −1
2
(β2 − 1)a2[ ∂µh00∂µh00 − 3∂0h00∂0h00 − 5
9
∂ih
00∂ih
00 (4.2)
− 4
3
∂ih
00∂kh˜
ki + ∂kh˜
k
i∂lh˜
li
]
.
Here we have neglected massless conformally coupled modes. In addition, we have ignored
ghost fields since they do not couple to matter fields.
We have found that the additional term (4.2) modifies the gravitational propagator as follows
[12]
〈(hµν)+(x)(hρσ)+(x)〉 →
{
1− (β2 − 1)}〈(hµν)+(x)(hρσ)+(x)〉. (4.3)
From this fact, we can conclude that the IR effect to the fermionic current ˆ¯ψγνtaψˆ can be
absorbed also by the wave function renormalization in the gauge (4.1):
{
1 + (2− β2)3κ
2H2
128π2
log a(τ)
} ¯ˆ
ψγνtaψˆ, (4.4)
ψ → Zψψ, Zψ ≃ 1− (2− β2)3κ
2H2
256π2
log a(τ). (4.5)
So the soft gravitons are also found to screen the gauge coupling in this gauge as
geff ≃ g
{
1− (2− β2)3κ
2H2
16π2
log a(τ)
}
. (4.6)
We find that the effective gauge coupling depends on the gauge parameter.
To give a physical interpretation to this result, we recall our previous results concerning
λ4φ
4 and λY φψ¯ψ interactions [12]. Soft gravitons also screen these interactions with cosmic
expansion. In the gauge (4.1), these couplings evolve as follows
(λ4)eff ≃ λ4
{
1− (2− β2)21κ
2H2
16π2
log a(τ)
}
, (4.7)
(λY )eff ≃ λY
{
1− (2− β2)39κ
2H2
128π2
log a(τ)
}
.
The effective couplings (4.6), (4.7) can be represented by the following common function
with definite scaling exponents:
(λ4)eff = λ4f(τ)
21
4 , (λY )eff = λY f(τ)
39
32 , geff = gf(τ)
3
4 , (4.8)
where f(τ) = 1−(2−β2)κ2H2
4pi2
log a(τ). Out of these couplings we can form gauge independent
ratios as follows
(λY )eff/λY =
{
(λ4)eff/λ4
} 13
56 , geff/g =
{
(λ4)eff/λ4
} 1
7 . (4.9)
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We interpret our findings as follows. The time dependence of each effective coupling is gauge
dependent since there is no unique way to specify the time as it depends on an observer. A
sensible strategy may be to pick a particular coupling and use its time evolution as a physical
time. In (4.9), the coupling of the quartic interaction has been assigned to this role.
In this setting the relative scaling exponents measure the time evolution of the couplings in
terms of a physical time. We should emphasize that up to the one-loop level, they are just
numbers which do not depend on initial time. Although the choice of time is not unique, the
relative scaling exponents are gauge independent and well defined. The situation is analogous
to the scaling exponents of the local operators in two dimensional quantum gravity. The
scaling exponents of the individual operators are gauge dependent since there is no unique
way to specify the scale but the relative scaling exponents are gauge invariant [24, 25]. We
need to mention here that our investigation is performed assuming |β2 − 1| ≪ 1. We still
need to check the validity of this picture against large deformations of the gauge parameter.
5 Conclusion
The gravitational fields contain almost scale invariant modes in the exponentially expanding
space-time such as the inflation era or present Universe. The loop contribution is sensitive
to the degrees of freedom at the super-horizon scale and could give rise to dS symmetry
breaking effects.
In this paper, we have investigated the effects of soft gravitons on the local dynamics of gauge
field theories up to the one-loop level. Along with our previous results in φ4 and Yukawa
theories [12], the effective couplings of the gauge theories decrease with cosmic evolution.
The screening effect is universal independent of the gauge group. We may chose any coupling
as a physical time. Thus the relative scaling exponents of the couplings are expected to be
gauge independent. In fact we have checked their gauge independence under an infinitesimal
change of gauge. The check of the independence against large deformations is left as an open
problem.
Since κ2H2 ≪ 1 in most cases of physical interest, the quantum effects from gravity seem
to be suppressed by it. However we have found that the effective couplings are associated
with the growing time dependence: log a(τ). This factor enhances the quantum effects
with cosmic evolution. Due to excessive smallness of the Hubble parameter in the present
Universe: κ2H2 ∼ 10−120, we cannot observe such enhancements now but it is relevant to
the ultimate fate of the Universe. In the inflation era, the IR effects are much larger as
κ2H2 could be as large as 10−10. The enhancement depends on how long the inflation era
continues.
By the power counting of the IR logarithms, the leading IR effects at the n-loop level
are estimated as (κ2H2 log a(τ))n. So in order to investigate the eventual contributions to
physical quantities, we need to evaluate the IR effects nonperturbatively. Although the IR
effects from specific matter fields have been investigated nonperturbatively [9, 10, 21, 22, 11],
the nonperturbative approach for the IR effects from gravitons is an open issue.
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Our investigations in this paper and [12] have clarified the IR effects on all dimensionless cou-
plings from soft gravitons up to the one-loop level. These investigations are valid to describe
the local dynamics at the initial stage κ2H2 log a(τ) ≪ 1. Since the cosmological constant
is a function of the couplings of the microscopic theory, it may acquire time dependence
if the couplings evolve with time. So in addition to pure matter and gravity contributions
separately, we need to investigate such effects to understand possible time dependence of the
cosmological constant. The mixed matter and gravity contribution starts at the two-loop
level.
We have shown that the leading IR effects due to the soft gravitons of the super-horizon scale
can be absorbed into the renormalization of the fields and couplings inside the cosmological
horizon. We believe that this result has an implication for the super-horizon soft graviton
loop effect on the cosmic microwave background. Let us consider the density fluctuation due
to scalar modes. The standard argument relates it to the two point function of the minimally
coupled scalar field (inflaton) at the horizon crossing as it is identified with the curvature
perturbation which remains constant after the horizon crossing in the comoving gauge [26,
27]. Our investigation shows that the leading IR effects on the scalar two point functions
due to soft gravitons are absent as they can be renormalized away. The renormalization
of the couplings modifies slow-roll parameters ǫ and η. However such modification cancels
for the both quadratic and quartic potential. The remaining issue is to clarify whether the
curvature perturbation receives leading IR effects after the horizon crossing.
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